Enhancing global food security by increasing the productivity of green revolution varieties of cereals risks increasing the collateral environmental damage produced by inorganic nitrogen fertilizers. Improvements in the efficiency of nitrogen use of crops are therefore essential; however, they require an in-depth understanding of the co-regulatory mechanisms that integrate growth, nitrogen assimilation and carbon fixation. Here we show that the balanced opposing activities and physical interactions of the rice GROWTH-REGULATING FACTOR 4 (GRF4) transcription factor and the growth inhibitor DELLA confer homeostatic co-regulation of growth and the metabolism of carbon and nitrogen. GRF4 promotes and integrates nitrogen assimilation, carbon fixation and growth, whereas DELLA inhibits these processes. As a consequence, the accumulation of DELLA that is characteristic of green revolution varieties confers not only yield-enhancing dwarfism, but also reduces the efficiency of nitrogen use. However, the nitrogen-use efficiency of green revolution varieties and grain yield are increased by tipping the GRF4-DELLA balance towards increased GRF4 abundance. Modulation of plant growth and metabolic co-regulation thus enables novel breeding strategies for future sustainable food security and a new green revolution. + NH 4 uptake rates (versus NJ6; Fig. 2c ), and increased GRF4 mRNA and GRF4 protein abundances (Fig. 2d,  Extended Data Fig. 1c ). Furthermore, RNA interference targeting GRF4 reduced the high + NH 15 4 uptake rate of NJ6-GRF4 ngr2 , whereas transgenic expression of GRF4 ngr2 mRNA from its native promoter increased + NH 15 4 uptake (Fig. 2c, Extended Data Fig. 1c ).Overexpression of either GRF4 NGR2 or GRF4 ngr2 mRNA from the constitutive rice Actin1 promoter conferred increased + NH 15 4 uptake rates to NJ6 (Fig. 2c,  Extended Data Fig. 1c ). Thus, GRF4 ngr2 is equivalent to qngr2, confers an increased + NH 15 4 uptake rate to NM73 and counteracts the repressive effects of sd1-mediated SLR1 accumulation.
The green revolution of the 1960s boosted crop yields, and was partly driven by widespread adoption of semi-dwarf green revolution varieties of cereals (GRVs) [1] [2] [3] [4] . GRV semi-dwarfism is due to the accumulation of growth-repressing DELLA proteins (DELLAs) conferred by mutant alleles at the Rht (wheat) 5, 6 and SD1 (rice) 7, 8 loci. In normal plants, gibberellin (GA) promotes growth by stimulating the destruction of DELLAs 9, 10 . Mutant wheat GRV DELLAs 5 are resistant to GA-stimulated destruction, whereas the rice GRV mutant sd1 allele reduces bioactive GA abundance 11, 12 , thus increasing accumulation of the DELLA protein SLR1 (Fig. 1a, b ). The conferred semi-dwarfism causes GRV resistance to yield-reducing 'lodging' (flattening of plants by wind and rain) 4 .
GRV lodging resistance is enhanced by relative insensitivity to nitrogen. For example, the nitrogen-induced increase in Nanjing6 (NJ6) plant height is reduced in NJ6-sd1 ( Fig. 1c) , and the Rht-B1b GRV allele confers similar properties on wheat (Fig. 1d ). Although DELLA accumulation inhibits GRV growth nitrogen response, nitrogen allocation to grain continues, thus combining enhanced harvestable yield with reduced lodging risk from increased nitrogen supply 1, 4, 5, 7, 8 . These properties drove the rapid spread of GRV cultivation over the past 50 years 3 , and also ensured retention of semi-dwarfing alleles in current elite varieties 5, 6, 12 . However, GRVs are associated with reduced nitrogen-use efficiency (NUE) 13 . Accordingly, mutant sd1 and Rht alleles inhibit nitrogen uptake. For example, ammonium ( + NH 4 ) is the majority nitrogen source for anaerobic paddy-field rice roots 14 . Although NJ6 + NH 15 4 uptake is regulated by nitrogen (the uptake rate is reduced by increasing nitrogen supply), sd1 reduces the underlying NJ6-sd1 uptake rate, and also interferes with its nitrogen-responsive regulation (Fig. 1e ). Similarly, with nitrate ( − NO 3 ) being the majority nitrogen source in aerobic soils 15 , the mutant Rht-B1b allele affects both underlying and nitrogen-regulated − NO 15 3 uptake in wheat (Fig. 1f ). Thus, DELLA accumulation confers combined semi-dwarfism, reduced growth nitrogen response and reduced nitrogen uptake to GRVs. In consequence, achievement of high GRV yield requires environmentally damaging nitrogen fertilizer inputs 16 . Development of new GRVs that combine high yields with reduced nitrogen supply is thus an urgent goal for global sustainable agriculture 2, 17 . We therefore analysed GRV growthmetabolism integration, reasoning that our discoveries might in turn enable development of new GRVs with improved NUE.
GRF4 promotes rice GRV ammonium uptake
We found approximately threefold variation in the + NH 15 4 uptake rates of 36 sd1-containing indica rice varieties and the SD1-containing NJ6 control ( Fig. 2a ), then crossed NM73 (having the highest rate; Fig. 2a ) with NJ6 (recurrent parent) to generate a BC 1 F 2 population. Quantitative trait locus (QTL) analysis of + NH 15 4 uptake rates revealed two logarithm of odds (LOD)-score peaks (quantitative trait loci NGR1 and NGR2 (qNGR1 and qNGR2), Fig. 2b ; Supplementary Table 1 ). Although the NM73 qngr1 allele coincides in map position with sd1 7, 8 , the molecular identity of the NM73 qngr2 allele, which was associated with increased + NH 15 4 uptake rates, was unknown. Positional mapping localized qngr2 to GRF4 [18] [19] [20] (Extended Data Fig. 1a ), suggesting a previously unknown function in + NH 4 uptake regulation. Because a NM73 (GRF4 ngr2 ) allele heterozygote has a higher rate than a NJ6 (GRF4 NGR2 ) allele homozygote (Extended Data Fig. 1b ), GRF4 ngr2 semi-dominantly increases + NH 4 uptakes. An NJ6-GRF4 ngr2 isogenic line accordingly exhibited increased Article reSeArcH GRF4 NGR2 (NJ6) and GRF4 ngr2 (NM73) allelic comparisons revealed multiple single nucleotide polymorphisms (SNPs) (Extended Data Fig. 1a, d) , two of which (g.1187T>A and g.1188C>A in exon 3) prevent miR396-mediated cleavage of GRF4 ngr2 mRNA [18] [19] [20] , thus increasing GRF4 mRNA and GRF4 abundance ( Fig. 2d , Extended Data Fig. 1c ) and promoting + NH 15 4 uptake. Nevertheless, variety RD23, which lacks 1187A and 1188A, also displays a high + NH 15 4 uptake rate ( Fig. 2a, Extended Data Fig. 1d ), and shares three GRF4 promoter SNPs (g.−884T>A, g.−847C>T and g.−801C>T; Extended Data Fig. 1a, d) with NM73. In all, we detected three GRF4 promoter haplotypes (A, as in 9311 and other indica varieties; B, with −884A, −847T and −801T, as in NM73 and RD23; and C, common in japonica germplasm; Extended Data Fig. 1d ). Notably, GRF4 mRNA abundance is higher in haplotype B-containing varieties TZZL1 and RD23 (Extended Data Fig. 1d ) than in elite varieties carrying haplotypes A or C (Extended Data Fig. 1e , f), and presumably confers their relatively high + NH 15 4 uptake rates ( Fig. 2a ). Thus, NM73 has the highest of all assayed + NH 15 4 uptake rates because it combines the effects of promoter haplotype B with the miR396 resistance conferred by 1187A and 1188A [18] [19] [20] .
We also found that in addition to regulating + NH 15 4 uptake, GRF4 is regulated by nitrogen supply. NJ6 GRF4 mRNA abundance decreases with increasing nitrogen ( Fig. 2e ), probably owing to decreased GRF4 transcription (miR396 abundance is not detectably increased with increasing nitrogen; Extended Data Fig. 1g ), thus reducing GRF4 abundance ( Fig. 2f ). Because increased GRF4 abundance increases + NH 15 4 uptake ( Fig. 2c, d ), our observations suggest that promotion of GRF4 abundance by low nitrogen enables feedback regulation of nitrogen homeostasis. In particular, the increased GRF4 mRNA abundance response to low nitrogen is significantly amplified in varieties carrying haplotype B (for example, TZZL1 and RD23; Extended Data Fig. 1f ). Finally, a CRISPR-Cas9 21 -generated semi-dwarf grf4 mutant ( NJ11  TQ  FAZ  TZZ L1  78130  9311  SH881  LTZ  LTP  QXJZ  HY33  8B  EJQ  QGH  XAZ4  H410  EJL1  YFZ  EJF  GC2  HJX74  RD23  NM73  SG1  ZF802  MH63  HHZ  MH86  GLA4  WXQ  GF3  SKZ  XAZ9  NJ6  CY1 Article reSeArcH accumulation ( Fig. 2j ). Thus, GRF4 is a nitrogen-responsive transcriptional regulator promoting both + NH 4 uptake and growth in response to nitrogen supply, and counteracting the inhibitory effects of SLR1.
Regulation of nitrogen metabolism by GRF4-SLR1
We next determined how GRF4 and SLR1 counteract one another to regulate + NH 4 assimilation. Although a NJ6-sd1-GRF4 ngr2 isogenic line retains the semi-dwarfism, tiller numbers per plant and grain numbers per panicle conferred by sd1 ( Fig. 3a , Extended Data Fig. 2a -c), leaf and culm width and grain yield are increased (Extended Data Fig. 2d-f ). In addition, the + NH 15 4 uptake rate in NJ6-sd1-GRF4 ngr2 is greater than in NJ6-sd1 (and similar to that of NJ6) and − NO 15 3 uptake is similarly affected (Fig. 3b ). Furthermore, the activities of key nitrogenassimilation enzymes, such as glutamine synthase ( + NH 4 assimilation) 22 and nitrate reductase ( − NO 3 assimilation) 23 are, at varying nitrogen supply levels, consistently greater in NJ6-sd1-GRF4 ngr2 than in NJ6-sd1, and similar to that of NJ6 ( Fig. 3c ). Thus, GRF4 promotes both nitrogen uptake and nitrogen assimilation, whereas SLR1 inhibits these processes.
Transcriptome-wide RNA sequencing (RNA-seq) analysis identified 642 genes with transcripts that were upregulated by GRF4 in NJ6-GRF4 ngr2 and downregulated by SLR1 in NJ6-sd1 (versus NJ6) ( Fig. 3d , Supplementary Tables 2, 3 ). Among these, quantitative PCR with reverse transcription (RT-qPCR) confirmed root abundances of mRNAs encoding + NH 4 -uptake transporters (for example, AMT1.1 and AMT1.2) 24 to be increased in NJ6-sd1-GRF4 ngr2 , but reduced in NJ6-sd1 ( Fig. 3e , Extended Data Fig. 2g ). Similarly, abundances of mRNAs encoding + NH 4 -assimilation enzymes (for example, GS1.2 23 , GS2 and NADH-GOGAT2) and corresponding enzymatic activities were relatively enhanced in NJ6-sd1-GRF4 ngr2 (Fig. 3c , e, f, Extended Data Fig. 2h -j). Next, DNA sequencing of GRF4 chromatin-immunoprecipitation products (ChIP-seq) revealed potential GRF4 target-recognition sites, with a predominant GGCGGC motif being common to multiple nitrogen-metabolism gene promoters ( Fig. 3g , Supplementary Table 4 ). Electrophoretic mobility shift assays (EMSA) demonstrated binding of glutathione S-transferase-tagged GRF4 to DNA fragments containing intact but not mutant GCGG core motifs (Fig. 3h ), and ChIP-PCR confirmed in vivo association of GRF4 with GCGG-containing promoter fragments from multiple + NH 4 -metabolism genes, including AMT1.1 and GS1.2 (Fig. 3i , Extended Data Fig. 2k -n). Finally, GRF4 activates transcription from AMT1.1 and GS1.2 promoters in transactivation assays ( Fig. 3j , k, Extended Data Fig. 2o ). Further experiments demonstrated that GRF4-mediated transcriptional activation also promotes − NO 3 metabolism ( Fig. 3b , c, Extended Data Fig. 3 ). Thus, GRF4 is a transcriptional activator of nitrogen metabolism, and counteracts the inhibitory effects of SLR1.
We next investigated how GA, SLR1 and GRF4 regulate nitrogen metabolism. GA promotes both + NH 15 4 uptake rates to similarly high levels in NJ6 and NJ6-sd1 ( Fig. 4a ). In addition, the GA-biosynthesis inhibitor pacolubutrazol 25 (PAC) reduces + NH 15 4 uptake in NJ6 and NJ6-sd1, whereas GA restores it ( Fig. 4a ). Thus, SLR1 accumulation (owing to sd1 or PAC) reduces + NH 4 uptake, whereas SLR1 reduction (owing to GA) increases it. Furthermore, the GA-DELLA system differentially regulates the abundance of + NH 4 -metabolism mRNAs. AMT1.1 and GS1.2 mRNA abundances are increased by GA, reduced by PAC and restored by combined GA and PAC (Fig. 4b ). We next found that PAC reduces ChIP-PCR enrichment of GCGG motifcontaining fragments from the AMT1.1 and GS1.2 promoters, whereas GA promotes enrichment ( Fig. 4c ). Therefore, SLR1 accumulation inhibits binding of GRF4 to AMT1.1 and GS1.2 promoters ( Fig. 4c ), thus affecting mRNA abundance and Although the interaction of GRF4 with GIF (GRF-interacting factor) co-activators via a conserved QLQ domain (Extended Data Fig. 5a , b) promotes expression of target genes 18 , bimolecular fluorescence complementation (BiFC) and co-immunoprecipitation assays revealed that SLR1 interferes with this interaction ( Fig. 4d -h, Extended Data Fig. 5c ). In vivo fluorescence resonance energy transfer (FRET) assays demonstrated that SLR1 competitively inhibits the GRF4-GIF1 interaction, and that GA relieves this inhibition ( Fig. 4f, g) . Although the GRF4-GIF1 interaction promotes binding of GRF4 to GCGG motif-containing DNA fragments, SLR1 inhibits this promotion by inhibiting the GRF4-GIF1 interaction (but does not directly interfere with the DNA binding of GRF4; Fig. 4h ). Accordingly, SLR1 inhibits GRF4-GIF1-mediated transactivation from AMT1.1 and GS1.2 promoters ( Fig. 4i) .
Notably, GRF4 abundance is self-promoted, and SLR1 inhibits that promotion. Although GRF4 mRNA abundance is reduced in NJ6-sd1 (versus NJ6) but increased in NJ6-sd1-GRF4 ngr2 (versus NJ6-sd1; Extended Data Fig. 6a ), GA increases GRF4 mRNA abundance, and overcomes PAC-mediated reductions in GRF4 mRNA abundance (Extended Data Fig. 6b ). Furthermore, GRF4 binds in vivo with GCGG-containing GRF4 promoter fragments (Extended Data Fig. 6c ), and SLR1 inhibits GRF4-GIF1-mediated transcriptional activation of the GRF4 promoter (Extended Data Fig. 6d ). In consequence, SLR1 reduces GRF4 abundance by interfering with the GRF4-GIF1 interaction, whereas the GRF4 ngr2 allele restores GRF4 abundance (Extended Data Fig. 6e ; NJ6-sd1 compared with NJ6-sd1-GRF4 ngr2 ). Thus, interference of SLR1 with the GRF4-GIF1 interaction counteracts the promotive effects of GRF4 on nitrogen metabolism in two ways. 
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First, SLR1 reduces GRF4 accumulation. Second, SLR1 reduces GRF4-GIF1 activation of the transcription of nitrogen-metabolism genes.
GRF4-SLR1 links carbon fixation with growth
Although nitrogen metabolism is known to be coupled with the rate of photosynthetic carbon fixation 26 , the molecular coupling mechanisms remain unknown. We next determined whether the GRF4-SLR1 interaction also regulates carbon assimilation. Transcriptome comparisons of NJ6, NJ6-sd1 and NJ6-sd1-GRF4 ngr2 (Fig. 3d , Supplementary Tables 2, 3) indicated that GRF4 upregulates multiple genes encoding regulatory components of photosynthesis (for example, Lhca1 and CAB1), sucrose metabolism (for example, TPS1 and TPP1) and sucrose transport (for example, SWEET11 and SWEET12) (Extended Data Fig. 7a, b ), whereas SLR1 downregulates these same genes. In addition, GRF4 binds in vivo to GCGG-containing promoter fragments from PsbS1, TPS1 and SWEET11 (Extended Data Fig. 7c ), whereas SLR1 inhibits GRF4-GIF1 activation of transcription from PsbS1, TPS1 and SWEET11 promoters (Extended Data Fig. 7d ). For selected photosynthetic genes (Lhca1, Lhca3, Lhca4, Lhcb2, PsaD and PsaE), we confirmed that encoded protein abundances in NJ6, NJ6-sd1 and NJ6-sd1-GRF4 ngr2 (Extended Data Fig. 7e ) mirror the abundances of the respective encoding mRNAs (Extended Data Fig. 7a ). Finally, we found that these effects on photosynthesis and carbon-assimilation gene expression affect carbon metabolism. First, in accordance with previous reports that semi-dwarfed GRVs have increased photosynthetic rates 27,28 , we found the increased photosynthetic rate of NJ6-sd1 (versus NJ6) to be still further increased in NJ6-sd1-GRF4 ngr2 (Extended Data Fig. 7f ). Furthermore, reductions in NJ6 biomass and carbon content conferred by sd1 are reversed and further increased in NJ6-sd1-GRF4 ngr2 (Extended Data Fig. 7g , h), but without affecting the carbon:nitrogen (C:N) ratio (Extended Data Fig. 7i ). Thus, antagonistic GRF4-SLR1 interaction regulates and coordinates both nitrogen and carbon assimilation (hence maintaining the C:N ratio).
We also found that GRF4 upregulates multiple genes promoting cell division, including those encoding cyclin-dependent cdc2 protein kinases 29, 30 (for example, cycA1;1 and cdc20 s-3; Extended Data Fig. 7j ), whereas SLR1 again downregulates these genes. This finding is consistent with the plant growth reduction in the grf4 mutant ( Fig. 2g ). In addition, GRF4 binds in vivo to GCGG-containing promoter fragments from cycA1;1 and cdc20 s-3 (Extended Data Fig. 7k ), and GA promotes GRF4-GIF1 activation of transcription from these same promoters (Extended Data Fig. 7l ), whereas SLR1 inhibits activation by GRF4-GIF1. We conclude that GRF4-SLR1 antagonism modulates the GA-mediated promotion of cell proliferation, and integrates growth, nitrogen and carbon metabolism regulation.
GRF4 increases GRV NUE and grain yield
GRF4 promoter haplotype B (Extended Data Fig. 1d ) exists in selected indica cultivars, but not in modern elite varieties. Nevertheless, among 225 accessions 31 , haplotype B is associated with relatively high yield potential (Extended Data Fig. 8 ). We next showed that increasing GRF4 abundance improves NUE and grain yield of the high-yielding sd1containing indica variety 9311. As for NJ6-sd1-GRF4 ngr2 (Fig. 3a) , the 9311-GRF4 ngr2 isogenic line is not detectably changed with respect to the sd1-conferred semi-dwarf phenotype (Fig. 5a, b) , but displays increased leaf and culm width (Extended Data Fig. 9a, b ). However, the increased Fig. 9c, d ) enhances 9311 grain yield and NUE. Grain yield per plot was increased in 9311-GRF4 ngr2 (versus 9311) at both high and low levels of nitrogen supply (Fig. 5c ), owing to increases in both grain number and grain weight [18] [19] [20] (Extended Data Fig. 9e, f) . Harvest index was relatively unaffected (Extended Data Fig. 9g ), presumably because biomass increases (Extended Data Fig. 9h ) balance out increases in grain yield (Fig. 5c ). Although total nitrogen in above-ground parts of 9311-GRF4 ngr2 was greater than in 9311 ( Fig. 5d ), the distribution ratio of nitrogen allocated to grain (versus vegetative organs) was not significantly increased ( Fig. 5e ) and the C:N ratio was not detectably affected ( Fig. 5f ). Thus, the increased GRF4 abundance conferred by GRF4 ngr2 partially disconnects GA regulation of stem elongation (plant height) from nitrogen metabolic regulation. GRF4-promoted biomass increases are reflected primarily in increased leaf and culm widths rather than height.
Chinese japonica rice GRV semi-dwarfism is conferred by a mutant variant (dep1-1) of the Gγ subunit 32 that reduces vegetative growth nitrogen response and increases NUE 22 . We found that increasing GRF4 abundance (GRF4-GFP in transgenic WYJ7-dep1-1 22 plants expressing 35S::GRF4 ngr2 -GFP) did not suppress dep1-1-conferred semi-dwarfism (Extended Data Fig. 10a ), but increased both + NH 15 4 and − NO 15 3 uptake rates (Extended Data Fig. 10b-d ). In addition, although plant height, heading date and tiller numbers per plant in response to different nitrogen supply rates were unaffected (Extended Data Fig. 10e-g) , overexpression of GRF4 ngr2 -GFP increased both grain number (in low nitrogen; Extended Data Fig. 10h ) and grain yield (Extended Data Fig. 10i ) of WYJ7-dep1-1. Nutrient assimilation and grain yield of rice GRVs can thus be increased by higher GRF4 abundance, particularly at low nitrogen fertilization levels, without simultaneously causing yield-reducing plant height increases.
Finally, the semi-dwarfism of high-yielding Chinese wheat GRV KN199 is conferred by the mutant Rht-B1b allele 5,6 . As in rice, transgenic expression of 35S::GRF4 ngr2 -GFP did not increase KN199 plant height ( Fig. 5g ), but did increase culm diameter and wall thickness ( Fig. 5h ), spike length ( Fig. 5i ) and biomass accumulation (Fig. 5j ). In addition, 35S::GRF4 ngr2 -GFP increased the − NO 15 3 -uptake rate of KN199 (Fig. 5k ), total nitrogen in above-ground plant parts ( Fig. 5l ) and nitrogen concentration in de-husked grain (Fig. 5m ). 35S::GRF4 ngr2 -GFP also boosted KN199 yield (Fig. 5n ) by increasing grain numbers per spike (Fig. 5o ), without affecting harvest index (Fig. 5p) . Moreover, the improvement of grain yield conferred on KN199 by 35S::GRF4 ngr2 -GFP at low nitrogen supply shows that increased GRF4 abundance enhances both grain yield and NUE of wheat GRVs (Fig. 5q) , without affecting the beneficial GRV semidwarfism. Indeed, the increased culm width and wall thickness conferred by 35S::GRF4 ngr2 -GFP (Fig. 5h ) is likely to enhance the stem robustness conferred by mutant Rht alleles, thus further reducing lodging yield loss. In conclusion, increased GRF4 abundance increases grain yields of rice and wheat GRVs grown in moderate nitrogen conditions.
Discussion
We here report new advances in fundamental plant science and strategic plant breeding. First, the GRF4-DELLA interaction integrates plant growth and metabolic regulation. GRF4 is a transcriptional regulator of multiple nitrogen-metabolism genes that, because it is itself nitrogen regulated, probably confers homeostatic coordination of plant nitrogen metabolism. Notably, nitrogen-regulated GRF4 also coordinates carbon metabolism and growth, and is thus likely to confer broader-range integrative homeostatic control. Although long thought to exist, the identities of such broad-range growth and metabolic integrators were previously unknown. Furthermore, GRF4 activity is balanced by an antagonistic regulatory relationship with the DELLA growth repressor. Essentially, physical DELLA-GRF4-GIF1 interactions enable DELLA to inhibit activation of target gene promoters by GRF4-GIF1, and the balance between opposing GRF4 and DELLA activities thus enhances coordinated regulation of plant growth and metabolism. 
Article reSeArcH
Second, increasing the abundance of GRF4 in GRVs tips the GRF4-DELLA balance to favour GRF4, conferring increases in carbon and nitrogen assimilation, biomass, leaf and stem width, but having little effect on plant height 33 . The practical plant breeding consequence of this is that it enables enhanced GRV nutrient assimilation without the loss of the beneficial semi-dwarfism conferred by DELLA accumulation. GRV NUE can thus be improved, without the yield penalties of increased lodging. Genetic variation of GRF4 (and orthologues) should now become a major target for breeders in enhancing crop yield and nutrient-use efficiency. Such enhancements will enable future green revolutions, sustainably increasing yield, yet reducing environmentally degrading agricultural nitrogen use.
Online content
Any Methods, including any statements of data availability and Nature Research reporting summaries, along with any additional references and Source Data files, are available in the online version of the paper at https://doi.org/10.1038/s41586-018-0415-5.
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MEthodS
Plant materials and field growth conditions. Details of rice germplasm used for positional cloning and haplotype analysis have been described elsewhere 22, 31, 34 . QTL analysis and map-based cloning were performed using BC 1 F 2 , BC 2 F 2 and BC 3 F 2 populations derived from a cross between selected variety NM73 and indica variety NJ6 (the recurrent parent). Near isogenic line (NIL) plants carrying differing combinations of the qngr2 and sd1 alleles were bred by crossing NM73 × NJ6 and NM73 × 9311 F 1 six times with NJ6, NJ6-sd1 and 9311 as recurrent parents. Field-grown NILs and transgenic rice plants were raised in standard paddy conditions with an interplant spacing of 20 cm at the Institute of Genetics and Developmental Biology experimental station sites located in Lingshui (Hainan Province), Hefei (Anhui Province) and Beijing as previously described 22, 32 . Fieldgrown wheat plants (Chinese wheat GRV KN199 and transgenic derivatives) were planted during the winter planting season at the Experimental Station of the Institute of Cereal and Oil Crops, Hebei Academy of Agriculture and Forestry Sciences (Shijiazhuang, Hebei province). Hydroponic culture conditions. Hydroponic culture conditions were modified from previously published work 35 . Seeds were disinfected in 20% sodium hypochlorite solution for 30 min, thoroughly washed with deionized water, and then germinated in moist Perlite. Seven-day-old seedlings were then selected and transplanted to PVC pots containing 40 l + nitrogen nutrient solution ( All nutrient solutions were changed twice per week, pH was adjusted to 5.5 every day. The temperature was maintained at 30 °C day and 22 °C night, and the relative humidity was 70%. Positional cloning of qNGR2. The map-based cloning of qngr2 was based on 1,849 BC 2 F 2 and 3,124 BC 3 F 2 populations derived from the backcross between the selected variety NM73 and the indica rice variety NJ6 (with NJ6 as the recurrent parent). Primer sequences used for map-based cloning and genotyping assays are given in Supplementary Table 5 . Transgene constructs. The GRF4 NGR2 mRNA-encoding sequence (together with intron sequences) was amplified from NJ6. The GRF4 ngr2 mRNA-coding sequence (together with introns and/or promoter regions lying approximately 3-kb upstream of the transcription start site) was amplified from NM73. These amplified genomic DNA fragments were then inserted into the Actin::nos 36 and CAMBIA2300 (CAMBIA, http://www.cambia.org/) vectors to respectively generate the Actin::GRF4 NGR2 and GRF4 ngr2 ::GRF4 ngr2 constructs. A full-length GRF4 ngr2 cDNA was introduced into the 35S::GFP-nos 22 and 35S::Flag-nos 34 vectors to generate the 35S::GRF4 ngr2 -GFP and 35S::Flag-GRF4 ngr2 constructs. A 300-bp GRF4 ngr2 cDNA fragment was amplified and used to construct the Actin::RNAi-GRF4 transgene, as described elsewhere 32 . gRNA constructs required for construction of the CRISPR-Cas9-generated GRF4 loss of function allele (grf4) in the WYJ7 genetic background were made as described elsewhere 21, 34 . Transgenic rice and wheat plants were generated by Agrobacterium-mediated transformation as described elsewhere 32 . Relevant primer sequences are given in Supplementary Table 6 . RT-qPCR. Total RNAs were extracted from different organs of three-week-old rice plants under hydroponic conditions using the TRIzol reagent (Invitrogen), and then treated with RNase-free DNase I (Invitrogen) according to the manufacturer's protocol. Full-length cDNA was then reverse transcribed using a cDNA synthesis kit (TRANSGEN, AE311). qPCR was performed according to the manufacturer's instructions (TRANSGEN, AQ101), using three independent RNA preparations as biological replicates. Rice Actin2 gene transcripts were used as a reference. The relevant primer sequences are given in Supplementary Table 7 . Bimolecular fluorescence complementation (BiFC) assays. The full-length cDNAs corresponding to the SLR1, GIF1, GIF2, GIF3, GRF1, GRF2, GRF3, GRF4, GRF5, GRF6, GFR7, GRF8, GRF9, GRF10, GRF11 and GRF12 genes, along with both deleted and non-deleted versions of GRF4 cDNA were amplified from NJ6. The resultant amplicons were inserted into the pSY-735-35S-cYFP-HA or pSY-736-35S-nYFP-EE vectors 37 to generate fusion constructs. Co-transfection of constructs (for example, those encoding nYFP-GRF4 and cYFP-SLR1) into tobacco leaf epidermal cells by Agrobacterium-mediated infiltration enabled testing for protein-protein interactions. After 48 h incubation in the dark, the YFP signal was examined and photographed using a confocal microscope (Zeiss LSM710). Each BiFC assay was repeated at least three times. Relevant primer sequences are given in Supplementary Table 6 . Co-immunoprecipitation and western blotting. Full-length GRF4, GIF1 and SLR1 cDNAs were amplified, and then inserted into either the pUC-35S-HA-RBS or the pUC-35S-Flag-RBS vector as previously described 38 . A. thaliana protoplasts were transfected with 100 μg of plasmid and then incubated overnight in low light intensity conditions. Total protein was then extracted from harvested protoplasts by treating with 50 mM HEPES (pH 7.5), 150 mM KCl, 1 mM EDTA (pH8), 0.3% Triton X-100, 1 mM DTT with added proteinase inhibitor cocktail (Roche LifeScience). Lysates were incubated with magnetic beads conjugated with an anti-DDDDK-tag antibody (MBL, M185-11) at 4 °C for at least 4 h. The magnetic beads were then rinsed six times with the extraction buffer and eluted with 3 × Flag peptide (Sigma-Aldrich, F4709). Immunoprecipitates were electrophoretically separated by SDS-PAGE and transferred to a nitrocellulose membrane (GE Healthcare). Proteins were detected by immunoblot using the antibodies anti-Flag (Sigma, F1804) and anti-HA (MBL, M180-7). In addition, the GRF4, SLR1, Lhca1, Lhca3, Lhca4, Lhcb2, PsaD and PsaE proteins were detected by probing the membrane with anti-GRF4 antibodies (Abmart), anti-SLR1 antibodies (ABclonal Technology), anti-Lhca1 antibodies (Agrisera, AS01005), anti-Lhca3 antibodies (Agrisera, AS01007), anti-Lhca4 antibodies (Agrisera, AS01008), anti-Lhcb2 antibodies (Agrisera, AS01003), anti-PsaD antibodies (Agrisera, AS09461) and anti-PsaE antibodies (Agrisera, AS08324A), respectively. Uncropped blots are shown in Supplementary Fig. 1 . Relevant primer sequences are given in Supplementary  Table 6 . EMSA assays. EMSA was performed as previously described with minor modifications 39 . Full-length GIF1 and SLR1 cDNAs were amplified and cloned into the pCold-TF vector (Takara). His-GIF1 and His-SLR1 recombinant proteins were purified using Ni-NTA agarose (QIAGEN, 30210), following the manufacturer's instructions. GST and GST-GRF4 recombinant proteins were expressed in the Escherichia coli BL21 (DE3) strain and then purified using Glutathione Sepharose 4B beads (GE Healthcare, 17-0756-01). DNA probes (42 bp) were artificially amplified and labelled using a biotin label kit (Biosune). DNA gel shift assays were performed using the LightShift Chemiluminescent EMSA kit (Thermo Fisher Scientific, 20148). Relevant primer sequences are given in Supplementary Table 8 . RNA-seq analysis. Total RNAs were extracted from three-week-old rice plants grown under high nitrogen conditions (1.25 mM NH 4 NO 3 ) using the QIAGEN RNeasy plant mini kit (QIAGEN, 74904) following the manufacturer's instructions. Three replicate RNA-seq libraries were prepared from NJ6, NJ6-sd1 and NJ6-GRF4 ngr2 plants. A total of the nine libraries were sequenced separately using the BGISEQ-500 sequencer. For each RNA sample, the NIL plants were collected from three replicates and pooled together after RNA extraction. Raw sequencing reads were cleaned by removing adaptor sequences, reads containing poly-N sequences, and low-quality reads. Approximately 24,006,405 clean reads were mapped to the Nipponbare reference genome using HISAT 40 /Bowtie2 41 tools. After data were mapped, normalization was performed and then FPKM (fragments per kilobase per million mapped reads) was calculated using RESM software 42 . As previously described 43 , a false discovery rate (FDR) < 0.01 and absolute value of log 2 ratio ≥ 2 were used to identify differentially expressed genes in NJ6-sd1 versus NJ6 and NJ6-GRF4 ngr2 versus NJ6 samples. Comparisons of the three individual replicate FPKM values of the genes involved in the coordinated regulation of plant growth and nitrogen, and carbon metabolism are given in Supplementary Table 3 . ChIP-seq and ChIP-qPCR assays. ChIP assays were performed as previously described with minor modifications 44 . Approximately 2 g of two-week-old seedlings of transgenic 35S::Flag-GRF4 ngr2 rice plants grown under the high nitrogen (1.25 mM NH 4 NO 3 ) conditions were fixed with 1% (v/v) formaldehyde under vacuum for 15 min at 20-25 °C, and then homogenized in liquid nitrogen. After isolation and lysing of nuclei, the chromatin complexes were isolated and ultrasonically fragmented into fragments with an average size of approximately 500 bp. Immunoprecipitations were performed with anti-Flag antibodies (Sigma, F1804) overnight at 4 °C. The precipitated DNA was recovered and dissolved in water and stored at −80 °C. Illumina sequencing libraries were constructed according to the manufacturer's instructions, and then sequenced on the BGISEQ-500 platform. Sequencing reads were mapped to the Nipponbare reference genome using SOAP aligner/soap2 45 . The peak summits were used to define the peak location types on the genome, and motif search and classification were performed as previously described 46 . In addition, the precipitated DNA samples served as template for RT-qPCR. Relevant primer sequences are given in Supplementary Table 9 . FRET assay. Cauliflower mosaic virus 35S promoter-driven fusion constructs with C-terminal tagging of CFP or YFP were created to generate the donor vector 35S::GIF1-CFP and the acceptor vector 35S::GRF4-YFP. Donor and acceptor vectors, with or without a 35S::SLR1 vector and/or GA (GA 3 ), were co-transformed into tobacco leaf epidermis cells by Agrobacterium-mediated infiltration to provide the FRET signal. Transformation with 35S::GIF1-CFP vector only provided the donor signal, and transformation with 35S::GRF4-YFP vector only provided the acceptor signal. The FRET signal was detected and photographed using a confocal microscope (Zeiss LSM710). Relevant primer sequences are given in Supplementary Table 6 . In vitro transient transactivation assays. Approximately 2-kb DNA promoter fragments from each of AMT1.1, AMT1.2, NRT1.1B, NRT2.3a, NPF2.4, GS1.2, GS2 , NADH-GOGAT2, Fd-GOGAT, NIA1, NIA3, NiR1, PsbS1, TPS1, SWEET11, cycA1;1, cdc2-3, or GRF4 were amplified from NJ6, and then subcloned into a pUC19 vector Article reSeArcH containing the firefly luciferase reporter gene driven by the 35S minimal TATA box and 5 × GAL4 binding elements, thus generating reporter plasmids containing specific promoters fused to luciferase. The full-length GRF4 cDNA was amplified and fused to sequence encoding GAL4BD, thus generating the effector plasmid RTBD-GRF4. Transient transactivation assays were performed using rice protoplasts as described elsewhere 47 . The Dual-Luciferase Reporter Assay System (Promega, E1960) was used to perform the luciferase activity assay, with the Renilla luciferase gene as an internal control. Relevant primer sequences are given in Supplementary Table 6 . Determination of plant carbon and nitrogen concentrations. Samples from various plant organs were dried in an oven at 80 °C for 72 h. After tissue homogenization, carbon and nitrogen concentrations were determined using an elemental analyser (IsoPrime100; Elementar). All experiments were conducted with at least three replicates. 4 influx measurements were as described elesewhere 48, 49 . Roots and shoots were separated and stored at −70 °C before freeze drying. Roots and shoots were dried overnight at 80 °C, and the 15 N content was measured using the Isoprime 100 (Elementar, Germany). Determination of glutamine synthase and nitrate reductase activities. Glutamine synthase and nitrate reductase activities were determined with the Glutamine Synthetase Kit (Solarbio LIFE SCIENCES, BC0910) and the Nitrate Reductase Kit (Solarbio LIFE SCIENCES, BC0080) following the manufacturer's instructions. Reporting summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this paper. Data availability. Sequencing data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) with the accession code GSE114287. Source Data (including uncropped western blots and RNA-seq data) generated and/or analysed in the current study and Supplementary Information are provided with the online version of the paper. All other data are available from the corresponding author upon reasonable request. 
Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted Our web collection on statistics for biologists may be useful.
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Data collection
Sequencing reads were undertaken with the BGISEQ-500 sequencer.
Data analysis
SigmaPlot v11, SPSS v18.0, GraphPad Prism, HISAT40, Bowtie2, RESM, SOAP aligner/soap2, Burrows-Wheeler Aligner and IGV2.3.91 statistical softwares were used for statistical analysis.
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability
We have included a data availability statement in the revised version of the manuscript. The ChIP-seq data sets generated have been deposited in the Gene Expression Omnibus (GEO) under accession GSE114287.
